Dense-core granules (DCGs) are organelles found in specialized secretory cells, including neuroendocrine cells and neurons. Neuronal DCGs facilitate many critical processes, including the transport and secretion of proteins involved in learning, and yet their transport and exocytosis are poorly understood. We have used wide-field and total internal reflection fluorescence microscopy, in conjunction with transport theory, to visualize the transport and exocytosis of DCGs containing a tissue plasminogen activator-green fluorescent protein hybrid in cell bodies, neurites, and growth cones of developing hippocampal neurons and to quantify the roles that diffusion, directed motion, and immobility play in these processes. Our results demonstrate that shorter-ranged transport of DCGs near sites of exocytosis in hippocampal neurons and neuroendocrine cells differs markedly. Specifically, the immobile fraction of DCGs within growth cones and near the plasma membrane of hippocampal neurons is small and relatively unaltered by actin disruption, unlike in neuroendocrine cells. Moreover, transport of DCGs in these domains of hippocampal neurons is unusually heterogeneous, being significantly rapid and directed as well as slow and diffusive. Our results also demonstrate that exocytosis is preceded by substantial movement and heterogeneous transport; this movement may facilitate delivery of DCG cargo in hippocampal neurons, given the relatively low abundance of neuronal DCGs. In addition, the extensive mobility of DCGs in hippocampal neurons argues strongly against the hypothesis that cortical actin is a major barrier to membrane-proximal DCGs in these cells. Instead, our results suggest that extended release of DCG cargo from hippocampal neurons arises from heterogeneity in DCG mobility.
Introduction
Dense-core granules (DCGs) are organelles found in cells specialized for secretion, such as neurons and neuroendocrine cells (Burgoyne and Morgan, 2003) . These organelles support stimulus-dependent release of proteins involved in many critical biological processes, including neuronal survival and learning (Chen and Strickland, 1997; Baranes et al., 1998; Haubensak et al., 1998; Hartmann et al., 2001) . DCGs bud as immature precursors from the trans-Golgi network, mature into DCGs, and then may undergo exocytosis in response to a stimulus after transport to the cell surface (Burgoyne and Morgan, 2003) . Although much has been learned about DCG biogenesis, transport, and exocytosis, many of the underlying molecular events have yet to be elucidated.
DCG transport near the cell surface is a pivotal precursor of exocytosis and thus is the focus of considerable interest. To date, such transport has been studied primarily in neuroendocrine cells. In these cell types, many DCGs are immobile, and "shortranged" transport of mobile DCGs near the plasma membrane and within growth cones is predominantly random and hindered severely (Burke et al., 1997; Oheim et al., 1998 Oheim et al., , 1999 Abney et al., 1999; Han et al., 1999b; Steyer and Almers, 1999; Johns et al., 2001; Desnos et al., 2003) . It is not known whether these are general attributes of DCG transport in other cell types, particularly neurons (Beaumont, 2003) .
Recently, the hindered, short-ranged mobility of DCGs in neuroendocrine cells was linked to important hypotheses about DCG exocytosis, stimulating interest in better elucidating transport mechanisms for DCGs. For example, one hypothesis is that cortical actin severely hinders membrane-proximal DCGs and thus must be partially and transiently cleared after stimulation to facilitate DCG exocytosis (Trifaro and Vitale, 1993; Steyer and Almers, 1999; Trifaro et al., 2000; Desnos et al., 2003) . However, the validity of this hypothesis, like the generality of the neuroendocrine transport results, remains to be determined.
In contrast to neuroendocrine cells, the transport and exocytosis of DCGs in neurons are poorly understood (Bean et al., 1994; Beaumont, 2003; Burgoyne and Morgan, 2003) . Thus, here we studied DCGs in developing hippocampal neurons and addressed the following questions: (1) How are DCGs transported over short distances near sites of exocytosis? (2) Is cortical actin a severe hindrance to DCG transport and exocytosis? and (3) What is the relationship between short-ranged transport and exocytosis? To address these questions, we expressed tissue plasminogen activator fused to enhanced green fluorescent protein (tPA-EGFP) in hippocampal neurons (Lochner et al., 1998) , and we studied the transport and exocytosis of DCGs containing tPA-EGFP using wide-field fluorescence microscopy and total internal reflection fluorescence microscopy (TIRFM). We found that tPA-EGFP undergoes slow, limited release from growth cones of hippocampal neurons, similar to neuroendocrine cells. In contrast, we found that shorter-ranged transport of DCGs near sites of exocytosis differs markedly in hippocampal neurons and neuroendocrine cells. Specifically, unlike in neuroendocrine cells (Ng et al., 2002) , the immobile fraction of DCGs within growth cones and near the plasma membrane of hippocampal neurons is small and is not significantly altered by actin disruption. Moreover, transport of mobile DCGs in these domains is unusually heterogeneous, being significantly rapid and directed as well as slow and diffusive. We also found that fusion is preceded by substantial movement and heterogeneous transport; this movement may facilitate delivery of DCG cargo in hippocampal neurons, given the relatively low abundance of neuronal DCGs. These results demonstrate that cortical actin is not a major barrier to DCG transport and exocytosis in hippocampal neurons. Rather, the results suggest that extended release of DCG cargo in hippocampal neurons arises from heterogeneity in mobility.
Materials and Methods

Cell culture
Hippocampal neurons from 18-d-old embryonic rats were cultured on 18-mm-diameter round glass #1 coverslips, as described previously (Goslin and Banker, 1998) .
Transfection
Expression vectors for tPA-EGFP and proneuropeptide Y-EGFP (pNPY-EGFP), and their cyan (ECFP) and yellow (EYFP) variants, were constructed using standard subcloning techniques; expression vectors for prepro-orphanin Q (OFQ) hybrids were a generous gift from Dr. Richard Allen (Oregon Health Sciences University, Portland, OR). Vectors were introduced into hippocampal neurons using two techniques. In some cases, the relevant genes were packaged into a replication-deficient herpes simplex virus, and the virus was used to deliver the DNA into neurons (Ho, 1994) . In other cases, lipid-based (N-[1-(2,3-dioleoyloxyl) propyl]-N, N, N-trimethylammoniummethyl sulfate or Lipofectamine 2000) transfection techniques were used (Kaech et al., 1996; Ohki et al., 2001) .
Staining
Immunostaining and dye staining were used in various colocalization experiments. To compare the distributions of the endogenous DCG protein secretogranin II (SgII) (Rosa et al., 1985; Schwarzer et al., 1997; Farhadi et al., 2000) and tPA-EGFP in hippocampal neurons, neurons expressing tPA-EGFP were immunostained with anti-SgII antibodies, as described previously (Lochner et al., 1998) ; similarly, to compare the distributions of the acidic organelle marker LysoTracker Red (Molecular Probes, Eugene, OR) and tPA-EGFP, neurons expressing tPA-EGFP were incubated with 100 nM LysoTracker Red for ϳ1 h. To determine the thickness of the actin cortex in hippocampal neurons and the degree of DCG colocalization with cytoskeletal constituents, microtubules in neurons expressing tPA-EGFP were labeled by immunostaining with a mouse anti-tubulin primary antibody (DM1A; Sigma, St. Louis, MO) and an Alexa Fluor 350-conjugated goat anti-mouse secondary antibody (Molecular Probes), and actin filaments were labeled by staining with Texas Red-conjugated phalloidin (Molecular Probes). FITC-conjugated phalloidin also was used in some experiments with untransfected cells.
Imaging
Wide-field imaging was used to study DCG distribution and dynamics throughout cells. Wide-field images of the distribution of DCGs in fixed cells were collected on either a Leica (Chantilly, VA) microscope under the control of MetaMorph software (Universal Imaging, Downington, PA) or an Olympus (Lake Success, NY) microscope under the control of DeltaVision software (Applied Precision, Issaquah, WA). Wide-field, time-lapse images of the dynamics of DCGs were collected on the Leica microscope.
TIRFM imaging was used to study DCG distribution and dynamics near the plasma membrane (Axelrod, 2003) . TIRFM images of membrane-proximal DCGs were collected using a TIRFM system (Nikon, Melville, NY) under the control of MetaMorph software. This TIRFM system uses the "prismless TIR method" and a 1.45 numerical aperture objective. TIRFM selectively reveals membrane-proximal fluorescent molecules through use of evanescent excitation light that decays exponentially in intensity along the direction perpendicular to an interface as I(z) ϭ I 0 e Ϫz /d , where z is distance from the glass/liquid interface to which the cells adhere, and d is the evanescent field penetration depth (Axelrod, 2003) . The exponentially decaying excitation light causes fluorophores to appear progressively dimmer as they move away from the interface (to larger z values). Moreover, fluorophores are virtually invisible when they are more than ϳ3d from the interface. We calculated d to be ϳ90 nm in our experiments, using a refractive index of 1.38 for the cell cytoplasm and a wavelength () of 488 nm for the excitation light (Johns et al., 2001 ). This implies that DCGs visible in our TIRFM experiments were within ϳ270 nm of the plasma membrane.
Methodology for mounting samples depended on the type of sample imaged: live or fixed. For live (time-lapse) imaging, coverslips containing hippocampal neurons were mounted in a chamber in Hanks-based imaging medium augmented with 10 mM HEPES and 0.6% glucose. The chamber was maintained at 26 -32°C. For fixed imaging, coverslips containing neurons were mounted in elvanol and sealed to a slide with clear nail polish.
Methodology for acquiring images also depended on the type of sample imaged. Time-lapse images of DCG transport in living cells were generated by taking images of the same focal plane every 100 -600 ms. Wide-field, time-lapse images were deblurred using a constrained iterative deconvolution algorithm (Scalettar et al., 1996) to improve image clarity and to facilitate tracking of DCGs. Most static images of distribution in fixed cells were generated by optically sectioning cells in 0.2 m focal increments (Hiraoka et al., 1991; Scalettar et al., 1996) ; these images also were deblurred.
Release and cytoskeletal disruption assays
Regulated secretion of tPA-EGFP induced by depolarization with high (50 -58 mM) KCl was assayed by imaging hippocampal neurons in a chamber with a loosely affixed top coverslip that facilitated exchange of the imaging medium. First, cells were imaged in a low-KCl medium using wide-field microscopy. Next, the top coverslip was removed (while the chamber remained on the microscope), and the low-KCl medium was removed and replaced with high-KCl medium containing 2 mM CaCl 2 . Finally, cells were imaged at defined times after the addition of the highKCl medium. In experiments designed to evaluate the calcium dependence of release, the high-KCl medium was modified by replacing Ca 2ϩ with Mg 2ϩ , and 5 mM EGTA was added. DCG transport in the presence of actin filament or microtubule disruption induced by cytochalasin D or nocodazole was assayed similarly using TIRFM. First, cells were imaged in the absence of disrupter and then at defined times after the addition of 10 M cytochalasin D or 30 M nocodazole (Sigma).
Data analysis
Quantification of release. Loss of fluorescence induced by depolarization was determined by calculating and comparing fluorescence signals emitted by growth cones before and after the addition of high KCl. Fluorescence signals emitted by growth cones were calculated by generating a background-subtracted image and then outlining the growth cone and summing intensities inside the outlined area, using DeltaVision software or the public domain program ImageJ. These data were corrected for a small amount of bleaching by fitting the time course of the fluorescence before depolarization to a linearly decreasing function using Excel (Microsoft, Redmond, WA) and then using this function to correct predepolarization and postdepolarization data for the effects of bleaching.
Quantification of cortex thickness. We computed the approximate thickness of the actin cortex by viewing deblurred, optically sectioned, phalloidin-stained images in three dimensions using the Volume Viewer program in DeltaVision software. Specifically, three-dimensional images were rotated, and phalloidin intensities near the edge of the phalloidin stain were quantified and used to compute an average edge intensity for the phalloidin stain. The edges of the actin cortex were defined as the most distal points at which the phalloidin intensity exceeded the average edge intensity. The distance between these points was taken as the thickness of the actin cortex.
Quantification of colocalization. We determined the extent of colocalization between tPA-EGFP and antibody-tagged SgII by separately imaging the distribution of each type of protein in a fixed, dual-labeled cell; this was accomplished using standard filters that isolate the fluorescence from each labeled species. The individual grayscale images revealing the distribution of each labeled species were colored green or red to reflect the emission from the two labels and superimposed to produce dualcolor images that reveal overlap in protein distribution. Using these dualcolor images, we quantified the percentage of overlap between puncta containing tPA-EGFP and puncta containing SgII by counting yellow puncta in one optical section in a subregion of a cell and normalizing the number of yellow puncta by the total number of green and yellow puncta in that subregion. In quantifying overlap, we neglected a slight (Ͻ0.1 m) lack of registration in the center positions of overlapping puncta, because wavelength-dependent image shifts are known to cause such slight registration problems in multicolor images (Hiraoka et al., 1991; Scalettar et al., 1996) . Other colocalization data were analyzed similarly.
Colocalization with LysoTracker Red was analyzed similarly, but in living cells. This is because we found that LysoTracker Red did not fix well in hippocampal neurons, consistent with information provided by Molecular Probes. Because organelles in living cells can move during, and between, successive exposures, we took short exposures, briefly lowered the temperature to slow motion, and analyzed colocalization in subregions of cells in which the organelles were not moving very rapidly.
Tracking. In TIRFM images, DCGs were tracked laterally in two dimensions (x, y) using ImageJ. For all tracked DCGs, the average signal exceeded the average signal in associated surrounding annuli by more than threefold; this ensured that tracked DCGs were clearly distinguishable from background noise. DCGs were tracked by eye in backgroundsubtracted movies. Typically, this involved surrounding a DCG in a given frame with a circle of diameter ϳ0.7 m and calculating the center of mass of the fluorescence distribution in the circle using ImageJ. In some cases, a noncircular region was used, because a DCG would move significantly during an exposure and thus would appear noncircular in shape. Tracking of a DCG in successive frames was continued as long as the DCG could be identified unambiguously. The (x, y) coordinates of the centers of mass of DCGs were tabulated as a function of frame number (time) and converted into trajectories, as described previously (Abney et al., 1999) . In wide-field images, DCGs were tracked using DeltaVision software, as described previously (Abney et al., 1999) .
In TIRFM images, DCGs also can be tracked in the axial (z) direction by exploiting the variation in DCG brightness with distance from the interface. Specifically, DCG distance from the interface can be found from the relationship z ϭ Ϫdln(I/I 0 ) (Axelrod, 2003) . Here, I was computed as the total DCG fluorescence in a surrounding 0.7 m circle (or noncircular region when appropriate). I 0 (fluorescence at z ϭ 0) was computed using one of two methods. First, when we quantified axial transport rates, we computed I 0 using the brightest DCG in the movie, which was assumed to be located at z ϭ 0. This procedure neglects DCGto-DCG variation in intrinsic brightness. This approximation will not affect calculations of changes in z positions (and thus axial transport rates or the shape of three-dimensional trajectories), but it will affect calculations of absolute z positions (Axelrod, 2003) . Second, when we quantified z positions of fusing DCGs and generated their three-dimensional trajectories, we computed I 0 for each individual DCG from a bright image captured slightly before we observed the intensity increases associated with the onset of protein release.
To visualize prefusion transport in three dimensions, we generated three-dimensional trajectories of fusing DCGs. To this end, (x, y, z) coordinates of DCGs were loaded into Mathematica (Wolfram Research, Champaign, IL), which generated an array of three-dimensional vectors connecting the coordinates. Three-dimensional trajectories were obtained by plotting these vectors.
Quantification of speeds and diffusion coefficients. Lateral DCG motion was characterized quantitatively by computing the mean-squared displacement, ͗r 2 ͘, of DCGs as a function of time, t, and fitting to a model that describes "diffusive" and "directed" motion as follows (Saxton and Jacobson, 1997; Abney et al., 1999) :
where r is displacement, D is the diffusion coefficient, and v is speed; the brackets ͗͘ denote averaging, which was performed for individual DCGs using a "single-particle tracking" algorithm that is well suited to determining whether the dynamics are diffusive or directed (or neither) when motion is monitored for only a finite time (Abney et al., 1999) . In Equation 1, diffusive motion produces a linear relationship between ͗r 2 ͘ and t, whereas directed motion produces a linear relationship between ͗r 2 ͘ 1/2 and t. D and v were computed from fits to Equation 1, as described previously (Abney et al., 1999) . We also characterized axial DCG motion quantitatively using fits to Equation 1. However, because z diffusion is one-dimensional, the "4" in Equation 1 was replaced with a "2." In some cases, the fits of axial motion to Equation 1 over relatively long time scales were good, like they typically were for lateral motion. However, in many cases, the fits of axial motion to Equation 1 over relatively long time scales were not good. For this reason, we also used "instantaneous" speed, v inst , to characterize axial mobility, similar to previous uses of instantaneous diffusion coefficients (Johns et al., 2001; Ng et al., 2003) . Instantaneous speed was computed as v inst ϭ ⌬z/⌬t, where ⌬z ϭ z i ϩ 1 Ϫ z i and ⌬t ϭ t i ϩ 1 Ϫ t i .
DCGs were characterized as effectively laterally immobile if their associated diffusion coefficients were very small (D Ͻ 5.0 ϫ 10 Ϫ12 cm 2 /s ϭ 5.0 ϫ 10 Ϫ4 m 2 /s). This approach was adopted to facilitate direct comparison with immobility data obtained from studies of pheochromocytoma (PC12) cells (Burke et al., 1997) .
Results
tPA fluorescent proteins localize to DCGs in hippocampal neurons
Green, cyan, and yellow hybrids of tPA, pNPY, and OFQ localize to DCGs in neuroendocrine cells (Lochner et al., 1998; Abney et al., 1999; Taraska et al., 2003) . Morphological and colocalization data both indicate that these hybrids also localize to DCGs in hippocampal neurons. In fluorescence images, the puncta containing the hybrids are diffraction-limited spots with a full-width at half-maximum of ϳ250 nm, consistent with results obtained from electron microscopy studies of DCGs (Chuang et al., 1999) .
Three types of colocalization data indicate that the hybrids localize to DCGs in hippocampal neurons. First, hybrids of tPA, pNPY, and OFQ colocalize extensively in neurons. Figure 1 A shows a subregion of a process of a 2 d in vitro (DIV) hippocampal neuron expressing tPA-ECFP and pNPY-EYFP. The image shows extensive colocalization of the two hybrids; quantification in this cell revealed that colocalization was ϳ88% (n ϭ 189 puncta). Colocalization between tPA-EYFP and OFQ-ECFP was similar (data not shown). Second, hybrids of tPA colocalize with the endogenous DCG protein SgII. Figure 1 B shows a subregion of a process of a 7 DIV hippocampal neuron expressing tPA-EGFP that was immunostained for endogenous SgII. In this image, 100% of organelles containing tPA-EGFP also stain for SgII, and some organelles stain only for SgII; on average, 83 Ϯ 4% of organelles containing tPA-EGFP also stain for endogenous SgII in hippocampal neurons (n ϭ 3 cells; 167 puncta). Third, tPA-EGFP colocalizes with a marker for acidic organelles. Figure 1C shows a subregion of the soma of an 8 DIV hippocampal neuron expressing tPA-EGFP that was stained with LysoTracker Red. In this image, 100% of organelles containing tPA-EGFP also contain LysoTracker Red, and some organelles contain only LysoTracker Red; on average, 95 Ϯ 6% of organelles containing tPA-EGFP also contain LysoTracker Red (n ϭ 3 cells; 92 puncta). In colocalization experiments, the size and morphology of the noncolocalizing and colocalizing puncta containing tPA hybrids were indistinguishable.
tPA hybrids undergo slow and limited release from growth cones of hippocampal neurons To demonstrate regulated release of tPA hybrids from growth cones of hippocampal neurons, and to determine the kinetics and extent of release, we adopted standard assays and measured loss of fluorescence induced by depolarization with high KCl; demonstration of regulated release also indicates that the hybrids localize to DCGs (Burke et al., 1997; Lang et al., 1997) . Figure  2 A-D, shows a phase image of a growth cone of a 4 DIV hippocampal neuron expressing tPA-EGFP ( A), fluorescence images of DCG distribution in the same growth cone before and after the addition of high KCl (B, C), and the time course of the total fluorescence emitted from the growth cone before and after the addition of high KCl ( D). For this growth cone, depolarization-induced loss of fluorescence reached a plateau ϳ7 min after the addition of 50 mM KCl and was ϳ30%; the average loss of fluorescence ϳ7 min after the addition of high KCl was 29 Ϯ 4% (n ϭ 3 cells). Moreover, we found a similar, 33 Ϯ 4% (n ϭ 3 cells), depolarization-induced decrease in fluorescence from growth cones of hippocampal neurons expressing tPA fused to ECFP. This latter result strongly suggests that our fluorescence loss reflects protein release and not pH effects, because the emission of ECFP is quite insensitive to pH (Llopis et al., 1998) . Depolarization-induced loss of fluorescence from growth cones of PC12 cells is similar (Burke et al., 1997; Lochner et al., 1998) .
We also studied the calcium dependence of the release of tPA hybrids using the buffers described in Materials and Methods, and we found that depolarization with high KCl evokes release only in the presence of external calcium (L. S. Honigman, W. F. Grant, S. K. Gessford, A. Hansen, M. A. Silverman, B. A. Scalettar, and J. E. Lochner, unpublished results). Dependence on external calcium is characteristic of regulated protein release from DCGs, further supporting targeting of tPA hybrids to DCGs (Hartmann et al., 2001 ).
DCGs colocalize with microtubules and actin filaments in hippocampal neurons
As a first step in identifying cytoskeletal DCG interactions, we collected images of neurons that were stained for DCGs, tubulin, and actin. Figure 3A shows a fluorescence image of a stained growth cone. This image demonstrates that some DCGs colocalize with microtubules (arrowheads), whereas others, such as those in filopodia and near the plasma membrane (arrows), colocalize with actin filaments.
We also collected images of stained neurons to quantify the thickness of the actin cortex in hippocampal neurons and to determine drug incubation conditions that disrupt actin filaments and microtubules in hippocampal neurons. Figure 3B shows the actin cortex in the soma of a hippocampal neuron. The cortex also is visible in processes and growth cones; we measured its thickness in these subdomains and obtained similar results in all subdomains, 315 Ϯ 153 nm (n ϭ 5 cells), subject to the resolution limitations of optical microscopy. Figure 3 , C and D, shows that the distributions of actin filaments and microtubules in hippocampal neurons are markedly disrupted by incubation with 10 M cytochalasin D or 30 M nocodazole for ϳ1 h, respectively. In particular, Figure 3C shows residual actin staining in processes that is weak and punctate, as is characteristic of disrupted actin stained with phalloidin (Allison et al., 1998 (Allison et al., , 2000 . Similarly, Figure 3D shows residual tubulin staining that is relatively diffuse, as is characteristic of disrupted microtubules stained with Figure 1 . Deblurred images of part of a process of a fixed hippocampal neuron expressing tPA-ECFP (red) and pNPY-EYFP (green) (A), part of a process of a fixed hippocampal neuron expressing tPA-EGFP (green) and immunostained for endogenous SgII (red) (B), and part of the soma of a living hippocampal neuron expressing tPA-EGFP (green) and stained with LysoTracker Red (red) (C) are shown. Areas of overlap appear yellow. We analyzed the immunostained images and assumed that all green, yellow, and red spots are DCGs; this indicates that ϳ34 -73% of DCGs contain tPA-EGFP. Scale bars, 5 m.
DM1A (Bustos et al., 2001 ). Thus, we used these drug incubations for cytoskeletal disruption experiments.
DCGs in growth cones of hippocampal neurons are predominantly mobile
We quantified the mobile and immobile fractions of DCGs in hippocampal neurons using two methods. First, we quantified loss of overlap in DCG positions as a function of time. Figure 4 shows a phase image of a growth cone of a 4 DIV hippocampal neuron ( A) and associated time-lapse, wide-field fluorescence images of the distribution of DCGs containing tPA-EGFP in the growth cone ( B-D) . Here, green indicates DCG positions at an initial time, red indicates DCG positions at a specified later time, and yellow indicates overlap of green and red. Overlap in positions is lost substantially within ϳ10 -27 s, showing that most DCGs are mobile over a time scale of Ͻ27 s.
Significantly, there is some yellow remaining in Figure 4 D. Some of this yellow reflects DCGs that are mobile but happen, by chance, to overlap after 27 s; this was verified by examining the associated movie. However, some yellow reflects DCGs that essentially are immobile. We quantified this immobile fraction by counting the yellow puncta in Figure 4 D, verifying immobility using the movie, and normalizing the number of yellow puncta by the total number of puncta in the growth cone at one time point. Using this type of analysis, we found that 9% of the DCGs in the growth cone and 10% of the DCGs in the process in 
Short-ranged transport of DCGs in growth cones of hippocampal neurons is predominantly active
To study the mechanisms underlying short-ranged (on the order of several micrometers) transport of DCGs in hippocampal neurons near sites of exocytosis, we tracked DCGs in growth cones. Figure  5A shows trajectories of 15 DCGs in the growth cone in Figure 4 superimposed on an outline of the growth cone; an associated movie can be viewed as supplemental material (available at www.jneurosci.org). These trajectories were selected for display because they illustrate the spectrum of dynamic behaviors exhibited by DCGs in the absence of a stimulus to secrete. DCGs a-f (Fig. 5A) provide examples of rapid, substantially directed motion in a growth cone. Rapid, directed motion also occurs in axons, dendrites, and the soma (data not shown).
DCGs g-m (Fig. 5A) provide examples of slow, substantially random motion in a growth cone. Random motion also occurs in axons, dendrites, and the soma (data not shown). In some cases, random motion appears to be diffusive, as demonstrated in Figure 5C .
DCGs n and o (Fig. 5A ) provide examples of immobility in a growth cone. Immobility also occurs in axons, dendrites, and the soma (data not shown). Figure 5 , B and C, characterizes the dynamics of individual DCGs quantitatively, showing representative plots of ͗r 2 ͘ 1/2 versus t (panel B) and ͗r 2 ͘ versus t (panel C) that were derived from selected DCG trajectories shown in Figure 5A .
Figure 5B shows that DCGs c and d, which appear in Figure 5A to have undergone rapid and directed motion, generated trajectories that could be described quantitatively by the directed motion term v 2 t 2 in Equation 1, implying that ͗r 2 ͘ 1/2 was proportional to t. Speeds v computed from slopes of the ͗r 2 ͘ 1/2 versus t plots were 0.25 m/s for DCG c and 0.30 m/s for DCG d. The average speed of DCGs undergoing directed motion in growth cones was 0.37 Ϯ 0.23 m/s. Figure 5C shows that DCGs h and m, which appear in Figure  5A to have undergone slow and random motion, generated trajectories that could be described quantitatively by the diffusive motion term 4 Dt in Equation 1, implying that ͗r 2 ͘ was proportional to t. Diffusion coefficients D computed from slopes of the ͗r 2 ͘ versus t plots were 4.6 ϫ 10 Ϫ11 cm 2 /s for DCG h and 4.9 ϫ 10 Ϫ11 cm 2 /s for DCG m. Most of the trajectories were well fit by either the directed or diffusive motion terms of Equation 1. As expected, trajectories that were well fit by one term generally were poorly fit by the other term, as shown by the nonlinear curves in Figure 5 , B and C.
Mobile DCGs in growth cones of PC12 cells almost exclusively undergo slow, diffusive motion (Burke et al., 1997; Abney et al., 1999; Han et al., 1999b; Ng et al., 2003) . To determine whether this also is true for hippocampal neurons, we tracked 208 DCGs (n ϭ 3 cells; three different preparations) in growth cones and computed the percentages of trajectories that were well fit by the directed and diffusive models. Using this approach, we found that 49 Ϯ 7% of DCGs undergo fast, directed motion, 38 Ϯ 6% undergo slow, diffusive motion, and the remaining ϳ13% essentially are immobile, as noted above.
DCGs near the plasma membrane of hippocampal neurons are laterally mobile, undergoing diffusive and directed motion
It is possible that DCGs in hippocampal neurons are predominantly mobile but that membrane-proximal DCGs in hippocampal neurons are predominantly immobile, reflecting interaction with the actin cortex or the plasma membrane. To address this possibility, we selectively studied transport near the plasma membrane using TIRFM. The ability of this technique selectively to reveal membrane-proximal DCGs is illustrated in the comparison wide-field ( A) and TIRFM ( B) images of a soma and proximal processes in Figure 6 .
TIRFM images demonstrate that membrane-proximal DCGs also are predominantly mobile. Figure 6 , C and D, shows TIRFM images of the distribution of DCGs containing tPA-EGFP in a 7 DIV hippocampal neuron. Again, overlap in positions is lost substantially within ϳ27 s, showing that most membrane-proximal DCGs are laterally mobile over a time scale of Ͻ27 s.
To study the mechanisms underlying the transport of membrane-proximal DCGs in hippocampal neurons, we tracked the lateral movement of DCGs in TIRFM movies. Figure 7A shows (x, y) trajectories of nine membrane-proximal DCGs in the process of a 7 DIV hippocampal neuron superimposed on an outline of a subregion of the process. These trajectories suggest that membrane-proximal DCGs, like DCGs in growth cones, un- In these images, green denotes DCG positions at a fixed initial time, red denotes DCG positions at the specified later time, and yellow denotes overlap of green and red (immobility). After 3 s, many DCGs still are yellow, indicating that they have not moved or that they occupy a position previously occupied by another DCG. In contrast, after 10 s most DCGs are not yellow, and after 27 s only a few DCGs are yellow. In these images, lack of DCG overlap arises from DCG motion and not from overall motion of the cell. This is clear from (1) the movies, (2) the fact that the overall outline of the cell did not shift, (3) the fact that DCG movement was not correlated, and (4) the fact that a few DCGs basically did not move. Similarly, lack of DCG overlap is not attributable to drift of the imaging apparatus. In both our wide-field and TIRFM movies, centerof-mass positions of a few immobile DCGs shifted significantly Ͻ0.1 m during movie collection (ϳ45 s). This suggests that the lateral drift rate in movies is Ͻ0.1 m/45 s. Drift in z was similarly negligible. Scale bar, 10 m. Figure 4 , superimposed on an outline of the growth cone. The starting DCG positions are labeled with a filled circle. Not all of the trajectories shown were generated simultaneously, and a few trajectories corresponding to different times were displaced slightly to avoid overlap. Scale bar, 5 m. Representative plots of ͗r 2 ͘ 1/2 versus t (B) and ͗r 2 ͘ versus t (C) deduced from the DCG trajectories in A are shown. The letters next to the plots identify the trajectories from which the plots were derived. Some values were rescaled so that all plots could be displayed together conveniently. In B, values of ͗r 2 ͘ 1/2 were multiplied by 2 for DCG h. In C, values of ͗r 2 ͘ were multiplied by 5 and 2 for DCGs h and m, respectively. dergo diffusive and directed lateral motion and that some membrane-proximal DCGs are laterally immobile. Figure 7 , B and C, characterizes the lateral dynamics of individual membrane-proximal DCGs quantitatively, showing representative plots of ͗r 2 ͘ 1/2 versus t (panel B) and ͗r 2 ͘ versus t (panel C) that were derived from selected DCG trajectories shown in Figure 7A . As in Figure 5 , these plots demonstrate the existence of directed and diffusive motion. Speed v computed from the slope of the ͗r 2 ͘ 1/2 versus t plots was 1.73 m/s for DCG h; diffusion coefficient D computed from the slope of the ͗r 2 ͘ versus t plots was 1.2 ϫ 10 Ϫ11 cm 2 /s for DCG c. Membrane-proximal DCGs in chromaffin cells undergo essentially no lateral motion (Oheim et al., 1998; Steyer and Almers, 1999; Johns et al., 2001) . Visual examination of our movies, and the data presented in Figures 6 and 7 , suggest that this is not the case for hippocampal neurons. To establish this more quantitatively, we tracked 223 DCGs (n ϭ 3 cells; two different preparations) in TIRFM movies in the lateral direction and computed the percentages of mobile and immobile DCGs; in addition, we computed the percentages of mobile DCGs that undergo directed and diffusive motion. Using this approach, we found that 73 Ϯ 19% of membrane-proximal DCGs are laterally mobile. Among mobile DCGs, 31 Ϯ 9% undergo fast, directed motion with an average v of 1.1 Ϯ 0.6 m/s, 55 Ϯ 5% undergo diffusive motion with an average D of 7.8 Ϯ 2.7 ϫ 10 Ϫ11 cm 2 /s, and 14 Ϯ 6% undergo motion that yields a relatively poor fit to both mobility models.
To illustrate further the heterogeneity in DCG mobility in resting hippocampal neurons, and to compare further hippocampal neurons and neuroendocrine cells, we constructed histograms of speeds and diffusion coefficients. Figure 7 , D and E, shows histograms of diffusion coefficients and speeds obtained from our TIRFM experiments. Both histograms are broad. The velocity histogram is very unusual, because it reflects the atypical presence of fast, directed motion of membrane-proximal DCGs. The diffusion histogram has some unusual, as well as some more typical, attributes (see Discussion).
DCGs near the plasma membrane of hippocampal neurons are axially mobile Axial motion of DCGs also can be monitored using TIRFM. This motion is particularly important because it brings DCGs toward sites of exocytosis. Axial mobility is manifest in TIRFM movies as a flicker in DCG brightness arising from exposure of DCGs to different intensities of excitation light at different depths in the evanescent field. Our TIRFM movies reveal substantial flicker, suggesting substantial axial mobility of membrane-proximal DCGs in hippocampal neurons; a representative movie can be viewed as supplemental material (available at www.jneurosci.org).
Flicker might arise from something other than movement in and out of the evanescent field, such as pH-dependent changes in the fluorescence from DCGs containing tPA-EGFP. However, several lines of evidence suggest that this is not the case. First, and most importantly, there is no flicker in our wide-field movies. If something other than the exponential decay of the evanescent field were causing flicker, it should show up in our wide-field and TIRFM movies, and this is not the case. Second, if pH is the source of flicker, the pH changes involved are atypically large, rapid, and random. For example, we frequently observe approximately threefold increases in total DCG brightness on the time scale of ϳ1 s, followed by a similar decrease in brightness. If attributed to pH, such changes in brightness require a large (ϳ2 U) increase in pH in 1 s (Llopis et al., 1998; Han et al., 1999a) , followed by a similarly sized and timed decrease in pH. In contrast, if attributed to the evanescent field, such changes in brightness require only two oppositely directed ϳ100 nm axial displacements each occurring in 1 s. In light of these facts, flicker in our TIRFM movies almost certainly arises from axial movement.
We quantified axial motion by fitting axial trajectories to the one-dimensional analog of Equation 1. However, over the time scale of several seconds, many axial trajectories were not well fit by the model underlying Equation 1, which assumes that motion is described by a single speed or diffusion coefficient. Thus, we used instantaneous speed to measure mobility over a shorter time interval (0.5 s), similar to previous work (Johns et al., 2001; Ng et al., 2003) . Calculations of instantaneous speeds suggest that many membrane-proximal DCGs are axially mobile; 55 Ϯ 11% of membrane-proximal DCGs achieved an instantaneous speed Ͼ0.1 m/s at least once along their trajectory. In contrast, a smaller population of DCGs was relatively immobile; 16 Ϯ 11% never achieved an instantaneous speed Ͼ0.05 m/s at any point on their trajectory.
As a final measure of immobility, we quantified the percentage of membrane-proximal DCGs that is both laterally and axially immobile. For this analysis, we used D Ͻ 5.0 ϫ 10 Ϫ12 cm 2 /s as our lateral immobility criterion and v inst Ͻ 0.05 m/s (all points on the trajectory) as our axial immobility criterion. Based on these criteria, the immobile fraction is 13 Ϯ 10%.
DCGs undergo substantial lateral and/or axial motion as a prelude to exocytosis
We also tracked fusing DCGs to determine the types of transport that precede exocytosis. Figure 8 A shows an example of DCG exocytosis in a process of a hippocampal neuron visualized with TIRFM. Total DCG fluorescence first increased approximately threefold without spreading, indicating substantial prefusion axial motion or an increase in DCG pH as the fusion pore opens; fluorescence then spread, revealing fusion with the plasma membrane (Schmoranzer et al., 2000; Scalettar et al., 2002) .
We found that DCGs usually move significantly immediately before fusing. To display the spectrum of transport processes that precede exocytosis, we generated z coordinates for DCGs by converting brightness into distance from the fluid/glass interface and then used (x, y, z) coordinates to generate three-dimensional, prefusion trajectories for fusing DCGs. Figure 8 , B-D, shows three representative three-dimensional trajectories for fusing DCGs. These trajectories reveal significant prefusion motion in both the lateral and axial directions, and they show that prefusion trajectories come in many forms. For example, these trajectories can be nonrandom and directed predominantly in the lateral and/or axial direction, or they can be random.
Cytoskeletal disruption does not perturb the immobile fraction
To investigate cytoskeletal interactions with membraneproximal DCGs further, we collected TIRFM movies before and after incubation with cytochalasin D or nocodazole under conditions that are known to lead to actin filament and microtubule disruption in hippocampal neurons (Bradke and Dotti, 1999; Guillaud et al., 2003) . We also confirmed disruption by staining and imaging the cytoskeleton after incubation with cytochalasin D or nocodazole (Fig. 3) .
On average, incubation with 10 M cytochalasin D or 30 M nocodazole for ϳ1 h altered the immobile fraction by Ͻ20% (n ϭ 4 cells), suggesting that DCGs in hippocampal neurons are not immobilized by attachment to the cytoskeleton. This also is suggested by the fact that immobile DCGs tend to be the brightest DCGs, suggesting that their immobilization reflects attachment to the plasma membrane, rather than the cytoskeleton. In addition, incubation with cytochalasin D or nocodazole did not completely eliminate the fast-moving fraction. This suggests the presence of both actin-based and microtubule-based motors on DCGs in hippocampal neurons, similar to neuroendocrine cells (Desnos et al., 2003; Rudolf et al., 2003) .
Discussion
The experiments described here were directed (1) at determining the mechanisms underlying short-ranged transport of DCGs in neurons near sites of exocytosis, (2) at comparing short-ranged transport in neurons and neuroendocrine cells, and (3) at relating the transport results for neurons to current ideas about DCG exocytosis.
In neurons, the link between distribution, short-ranged transport, and the kinetics of exocytosis has been well studied for synaptic vesicles, which are organelles that store and release classical neurotransmitters (Doussau and Augustine, 2000) . Synaptic vesicles cluster near sites of exocytosis, such as presynaptic nerve termini, and their lateral mobility near these sites is very restricted, perhaps reflecting tethering to the actin cytoskeleton via synapsins (Hirokawa et al., 1989; Ceccaldi et al., 1995; Henkel et al., 1996; Kraszewski et al., 1996) . These attributes help to ensure that synaptic vesicles are near release sites and thus undergo exocytosis rapidly.
Unlike synaptic vesicles, the link between distribution, shortranged transport, and the kinetics of exocytosis for DCGs in neurons is not well understood. Distribution is understood best, and it is known that DCGs localize to sites of exocytosis, such as presynaptic termini, but that they do not cluster there (Doussau and Augustine, 2000) . However, it is not known how DCGs are transported near sites of exocytosis in neurons or how shortranged transport impacts exocytosis.
Attributes and implications of DCG mobility near sites of exocytosis in hippocampal neurons
To address unresolved issues surrounding mobility, we studied the transport of DCGs in hippocampal neurons at several sites of exocytosis: the plasma membrane of growth cones, neurites, and the soma. In these regions, DCGs undergo diffusive and directed transport, and mobilities vary over a broad range, differing by more than three orders of magnitude among DCGs that undergo diffusive motion and more than one order of magnitude among DCGs that undergo directed motion.
To address some aspects of DCG exocytosis from neurons, we also studied the time scale and extent of release of tPA-EGFP from growth cones. These studies were important because regulated protein release from hippocampal neurons has been the subject of limited study. Within our temporal resolution, we found that release has a relatively slow onset after stimulation with high KCl and extends over a relatively long time scale. Similar results have been obtained for the DCG protein brain-derived neurotrophic factor, in hippocampal neurons, after stimulation with high KCl or high-frequency electrical impulses (Hartmann et al., 2001; Gartner and Staiger, 2002) .
We also studied DCG transport before exocytosis and found that prefusion movement again is significant in extent and heterogeneous. For example, some DCGs undergo directed, axial movement immediately before fusion, whereas others undergo directed, lateral movement immediately before fusion, whereas still others move randomly. These data suggest that mobile DCGs participate in exocytosis in hippocampal neurons. In this respect, Figure 8 . A, Exocytosis event in a process observed using TIRFM. As expected, the punctum at first brightens without spreading and then spreads in the images (left to right) as the DCG approaches the membrane and fuses. Scale bar, 2 m. Three-dimensional trajectories of fusing DCGs showing the existence of prefusion movement that is substantially lateral (B), axial (C), and random (D) are shown. The numbers along the axes indicate distance in nanometers; the numbers in the top left corners indicate elapsed time. The starting DCG positions are labeled with a filled circle, exocytosis points are labeled with an asterisk, and the plasma membrane is labeled with the letters PM. We attributed brightening that occurs just before the apparent onset of fusion to axial movement and not to increases in DCG pH associated with the opening of a fusion pore, if the DCG was very dim before brightening and also moved laterally.
hippocampal neurons are somewhat similar to differentiated PC12 cells, except that prefusion mobility in PC12 cells is purely slow and random (Han et al., 1999b; Ng et al., 2003) . In contrast, in this respect, hippocampal neurons are very different from chromaffin cells and pancreatic ␤-cells, where immobile (docked) DCGs participate in exocytosis (Parsons et al., 1995; Steyer et al., 1997; Oheim et al., 1998; Ohara-Imaizumi et al., 2002) .
Interestingly, these transport results explain the extended time scale of release of neuronal DCG proteins. Our data, and data obtained from PC12 cells, suggest that DCG exocytosis in differentiated cells in large part depletes DCGs that are hundreds of nanometers to micrometers from the plasma membrane (Burke et al., 1997; Han et al., 1999b; Ng et al., 2003) . Given this, we calculated the time scale for mobile DCGs in hippocampal neurons to explore distances from ϳ0.1-2 m before exocytosis. This time scale can be calculated using our mobility data and the relationships ͗r 2 ͘ 1/2 ϭ (4 Dt) 1/2 and ͗r 2 ͘ 1/2 ϭ vt, where t is the time, ͗r 2 ͘ 1/2 is the distance, D is the diffusion coefficient, and v is the speed (Berg, 1983) . For DCGs undergoing diffusive and directed transport in hippocampal neurons, these time scales extend from ϳ50 ms to ϳ30 min and from ϳ50 ms to ϳ20 s, respectively. Thus, the extended time scale of regulated protein release from hippocampal neurons is a predicted consequence of the heterogeneous mobility reported here and short-ranged transport before exocytosis.
Cortical actin is not a major barrier to DCG transport and exocytosis in hippocampal neurons
The cytoplasmic face of the plasma membrane of eucaryotic cells, including hippocampal neurons, is surrounded by a mesh of actin filaments known as the actin cortex (Alberts et al., 2002; Furuyashiki et al., 2002) . Here, we discuss what our data imply about interactions between the cortex and DCGs in hippocampal neurons.
We have used TIRFM movies to assay the effects of the actin cortex on DCGs in resting hippocampal neurons. In these movies, we clearly are visualizing DCGs that are extremely close to the membrane, because we can observe exocytosis (Fig. 8 A) . More importantly, in these movies, most visible DCGs are within ϳ270 nm of the plasma membrane, and they thus reside within the ϳ315 nm depth of the actin cortex. Given this, we expect to observe immobility of most DCGs in our TIRFM movies if the cortex tethers DCGs for long times or acts as a major barrier to DCGs (Steyer and Almers, 1999; Johns et al., 2001 ). In contrast, we expect to observe extensive motion that is somewhat slowed if the cortex acts primarily to increase viscosity (Luby-Phelps et al., 1987; Kao et al., 1993) . Finally, we expect to observe transport that is at least partially rapid and directed if the cortex acts as a track for myosin-based motors (for review, see Langford, 2002) .
Although the actin cortex traditionally has been viewed as a major barrier to DCGs in resting cells (Trifaro et al., 2000) , our TIRFM data demonstrate that this is not the case for hippocampal neurons. Membrane-proximal DCGs in hippocampal neurons move readily to and from the plasma membrane (as demonstrated by their markedly flickering intensities in TIRFM movies), revealing that they readily penetrate the actin cortex. Mobility of membrane-proximal DCGs in hippocampal neurons could be facilitated by remodeling (depolymerization) or mobility of actin filaments, heterogeneity in the structure of the cortex, or the relatively small size of neuronal DCGs compared with chromaffin DCGs (Plattner et al., 1997; Chuang et al., 1999; Loerke et al., 2002) . In contrast, with rare exceptions (Oheim et al., 1999) , most TIRFM data suggest that the actin cortex is a major barrier to DCGs in chromaffin cells and PC12 cells, revealing that essentially all membrane-proximal DCGs in resting chromaffin cells and PC12 cells are nearly immobile (Oheim et al., 1998; Steyer and Almers, 1999; Johns et al., 2001; Tsuboi et al., 2001; Desnos et al., 2003) .
Past TIRFM studies in neuroendocrine cells have failed to detect any significant population of membrane-proximal DCGs undergoing rapid, directed motion (Oheim et al., 1998 (Oheim et al., , 1999 Han et al., 1999b; Steyer and Almers, 1999; Johns et al., 2001; Desnos et al., 2003) . In contrast, we find a relatively large, fastmoving population in hippocampal neurons. Fast, directed motion of membrane-proximal DCGs in hippocampal neurons could be either actin filament and/or microtubule based; however, it is likely to be at least partially actin based, given the prevalence of actin beneath the plasma membrane, the persistence of some fast motion after extensive microtubule disruption, and the apparent presence of myosin-based motors on DCGs (at least in neuroendocrine cells) (Desnos et al., 2003; Rose et al., 2003) .
DCG transport near sites of exocytosis differs markedly in neuroendocrine cells and hippocampal neurons
Two neuroendocrine systems have figured prominently in past studies of DCG transport. The first system is the growth cone of the PC12 cell, which is a site of slow and limited release of regulated secretory proteins (Burke et al., 1997; Abney et al., 1999; Han et al., 1999b) . Here, we compare our data mostly with data obtained from PC12 cells, especially their growth cones.
Comparison reveals that there is a lot of fast, directed DCG motion in growth cones and near the plasma membrane of hippocampal neurons, whereas in PC12 cells, there is not (Burke et al., 1997; Abney et al., 1999; Han et al., 1999b; Ng et al., 2003) . Thus, DCG transport in these domains of hippocampal neurons is characterized in part by a velocity histogram that has no analog in PC12 cells, underscoring a fundamental difference in DCG transport in these cell types.
Comparison also shows that there is slow, diffusive DCG motion in both hippocampal neurons and PC12 cells. Quantitative comparison of diffusion coefficients measured in these different cell types is complicated by the use of short-and longer-ranged diffusion coefficients in different studies (Desnos et al., 2003; Ng et al., 2003) . With this caveat, diffusion histograms obtained for hippocampal neurons and PC12 cells share two interesting characteristics. Both histograms are broad, and neither histogram shows evidence of a separate "immobile" fraction (i.e., of a separate histogram peak at small D) (Ng et al., 2003) . However, there also are significant differences in diffusion coefficients obtained for DCGs in hippocampal neurons and PC12 cells. For example, the TIRFM histogram for neurons includes much larger diffusion coefficients. Consistently, the average, longer-ranged lateral diffusion coefficient of membrane-proximal DCGs is ϳ17-fold larger in hippocampal neurons than in PC12 cells (Desnos et al., 2003) . Thus, despite some similarities, transport of DCGs in hippocampal neurons and PC12 cells differs both qualitatively and quantitatively.
Interestingly, the mean D of DCGs in PC12 cells depolarized with barium is increased fourfold relative to resting PC12 cells (Ng et al., 2002) . Thus, in barium-stimulated PC12 cells, the average D is more like that in resting hippocampal neurons.
The second system is the chromaffin cell. In chromaffin cells, the great majority of membrane-proximal DCGs are laterally immobile, and axial mobility also is highly restricted (Oheim et al., 1998; Johns et al., 2001 ), unlike in hippocampal neurons. More-over, in chromaffin cells, mobile membrane-proximal DCGs almost exclusively undergo very slow, random transport, unlike in hippocampal neurons.
Conclusions
We have demonstrated that short-ranged transport of DCGs near sites of exocytosis in growth cones, neurites, and the soma of hippocampal neurons is in large part fast and nonrandom and that DCG exocytosis is preceded by substantial lateral and axial movement. This movement may facilitate delivery of DCG cargo in hippocampal neurons, given the relatively low abundance of neuronal DCGs. We also have demonstrated that release of the regulated secretory protein tPA-EGFP from hippocampal neurons is slow and limited in extent and that the immobile (or very highly hindered) fraction of DCGs in growth cones and near the plasma membrane of hippocampal neurons is relatively small. This latter result demonstrates that cortical actin is not a major barrier to the transport and exocytosis of DCGs in hippocampal neurons, as postulated for neuroendocrine cells. Instead, our results suggest that extended release of DCG cargo in hippocampal neurons arises from a broad range of DCG mobilities.
